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ABSTRACT
The selective hydrogenation of alkynes is an important reaction in the synthesis of ﬁne and
bulk chemicals. We show that the synthesis of metal nanoparticles in the gas phase, followed
by deposition onto conventional support powders results in materials that perform as well as
those made by typical methods for making catalysts (impregnation, deposition). The nature of
the active sites in these catalysts is explored.
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Introduction
The selective hydrogenation of a range of substrates
is a key technology in both the bulk and ﬁne
chemicals industries [1]. In both contexts, selectiv-
ity to the desired product is usually a key attribute:
loss of reagent to the formation of undesired pro-
ducts is economically undesirable and can lead to
challenges in separation downstream. This means
that there is a pressing need for more selective
catalysts and processes for a range of selective
hydrogenation reactions. One way to meet this
need is the design and realization of catalytic mate-
rials with improved properties. The majority of
commercial catalysts are made using a small num-
ber of synthesis methods (impregnation, precipita-
tion, solid-state methods, etc.). There is good
reason for this: they are reliable, economic, and
can be performed at the necessary scale for com-
mercial use. However, they are not always able to
produce materials that are truly optimized.
Making an optimized catalyst requires control over
the synthesis of the active site, as well as attachment of
the active site to the catalyst support (which is typically
needed for mechanical properties as well as to disperse
the active sites). For the former, the use of nanoparticles
synthesized in solution is an attractive proposition.
They can be produced ex situ from the catalyst support
by controlling the key properties such as particle size
[2], shape [3], and the nature of the exposed surfaces [4]
and can contain more than one metal with controlled
location (such as a core–shell structure) [5]. Attaching
these particles to supports is a complex process.
Although in some cases the presence of stabilizers has
been shown to be beneﬁcial [6], often the stabilizers
need to be removed for optimal performance. Ligand
removal often changes the nature of the nanoparticle,
for example through a loss of size control [7], rendering
them poorly performing. Ligand removal has been
addressed in a few selected cases, for example in a
catalyst made with polymer-stabilized nanoparticles
[8], but signiﬁcant progress is still needed to ﬁnd a
general method that would allow manufacturing at
scale to take place.
Synthesis of nanoparticles by aggregation of metal
atoms or ions in the gas phase is a promising tech-
nology [9] that addresses many of these issues. In a
typical conﬁguration, atoms are generated from a
metal source and these are condensed to form
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clusters. Typically, some of the particles formed are
charged, which allows them to be manipulated using
applied voltages, mass-selected if desired, and ﬁnally
guided onto the support. The technique can oﬀer
particle-size control from less than 2 nm to over 10
nm [10] and also some control over the interaction
between the nanoparticle and the support: the accel-
erating voltage can be used to control the impact of
the particle into the support [11–13]. We [14] and
others [15] have, in this way, made bimetallic clusters
from a number of metals. Yang et al. [16] have
demonstrated the selective deposition of silver clus-
ters onto the top face of silicon pillars. A combination
of these diﬀerent features should allow the design of
catalysts with a high degree of control.
In this work, we use gas-phase cluster deposition
as a method to deposit size-controlled palladium
nanoparticles onto two typical commercial powder
support materials. We employ the selective partial
hydrogenation of 1-pentyne (Scheme 1) as a model
reaction for the selective hydrogenation of alkynes
relevant to both the bulk [17] and ﬁne [18,19] che-
micals industries. We have previously reported the
good performance of a palladium catalyst prepared by
gas-phase cluster deposition onto a ﬂat graphite tape
as a catalyst for the selective hydrogenation of 1-
pentyne [20], and we have also observed changes in
the atomic structure of size-selected palladium nano-
particles during this reaction [21]. Most recently, we
have reported the performance of PdM bimetallic
cluster catalysts in alkyne hydrogenation [14]. In
this paper, we describe the performance of catalysts
prepared by gas-phase nanoparticle synthesis in selec-
tive alkyne hydrogenation and oﬀer some perspective
on the nature of the reactive sites.
Results and discussion
Catalyst synthesis
Palladium was deposited on two conventional support
powders (alpha alumina and titania) to make represen-
tative catalysts for the vapor-phase selective hydrogena-
tion of 1-pentyne to 1-pentene. Catalysts were prepared
by four methods: gas-phase cluster beam deposition,
incipient wetness impregnation, deposition-precipita-
tion, and ion-exchangemethods. Details of themethods
used are presented in the Supporting Information.
Table 1 compares the properties of the catalysts. The
palladium content of the materials is low at 0.1wt%.
This was driven by the experimental conﬁguration for
gas-phase cluster deposition. However, the eﬃcient use
of scarce precious metal resources is a key considera-
tion, and synthetic methods for making good catalysts
at these low loadings are valuable. Figure 1 shows
representative TEM images of the catalysts synthesized
by gas-phase cluster deposition, whereas images of the
other catalysts are presented in Fig. S2. Table 1 lists the
particle-size ranges for the catalysts. It was diﬃcult to
determine precise distributions of the nanoparticles due
to clustering in some systems and low loading in the
others.
In gas-phase cluster deposition on both supports,
nanoparticles are observed only close to the support
surface, where they often form agglomerates. In the
case of titania, the support is present as a loose
agglomerate of 20–30 nm particles, and the palladium
particles are deposited on the surface of these
agglomerates. The alpha alumina is present as much
larger particles (20–40 µm), and here the palladium
nanoparticles are deposited on the alumina particle
surface with little transport of the nanoparticles into
the interior of the alumina. Although deposition on
the external surface is a general feature of gas-phase
cluster deposition processes, neither the alpha alu-
mina nor the titania used in this work is signiﬁcantly
porous, so the materials are all expected to be surface
enriched in palladium. Clearly, this would not be the
case for a more porous support, such as a typical
gamma alumina.
Catalyst testing
The catalysts' performance in the selective hydrogenation
of 1-pentyne (Scheme 1) were tested in a quartz micro-
reactor using the as-prepared powders. 1-pentyne vapor
and a hydrogen–helium mixture were ﬂowed through a
catalyst bed while the temperature was increased from
ambient to 250°C. Full details of the catalytic testing
Scheme 1. The selective hydrogenation of 1-pentyne to 1-pentene and two competing reactions: further hydrogenation to
pentane and isomerization of the double bond to give cis and trans-2-pentene.
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methodology are presented in the Supporting
Information. Figure 2 shows the performance of the
eight catalysts when tested at equivalent palladium con-
tent and bed depth. None of the catalysts showed a
signiﬁcant amount of activity at low temperature (<50°
C). As the temperature increases above this temperature,
the 1-pentyne conversion increases. The most active of
the catalysts studied were Pd/α-Al2O3 prepared by
impregnation and by deposition-precipitation. The gas-
phase cluster deposition materials were the least active,
but also themost selective, with combined selectivity to 2-
pentenes and pentane of less than 10% across the tem-
perature range studied.
Given the diﬀerence in activity between the GCD
and reference catalysts, it was of interest to compare
their performance at close to iso-conversion. This was
achieved by varying the catalyst mass at constant ﬂow
rates of hydrogen and 1-pentyne. Details of the proce-
dure are presented in the Supporting Information.
Table 2 shows the selectivity of each catalyst when the
temperature was at a point where 80% conversion was
achieved (T80). Under these conditions, the selectivity
of the catalysts is much closer, although the GDC cat-
alysts are still among the best for each support studied.
Themost selective catalysts are Pd/α-Al2O3 prepared by
impregnation, deposition-precipitation, and gas-phase
cluster deposition with over 90% selectivity to 1-pen-
tene. The Pd/TiO2 catalysts are generally less selective.
Intriguingly, the two catalysts prepared by the ion-
exchange method have very similar performances.
It is clearly of interest to understand the origin of the
performance of the eight catalysts studied. The materi-
als present a range of metal–support interaction types,
and these can be used to understand how the nature of
the active site aﬀects catalytic performance. For the
materials prepared by gas-phase cluster deposition,
there is no contact between Pd2+ ions and the support,
whereas for ion-exchange materials, the interaction is
governed by the adsorption of Pd2+ ions onto reactive
sites on the support, such as Al-O− or Ti-O−, by the
replacement of two H+ ions with one Pd2+ ion. The
isoelectric points of alpha alumina and titania are
reported to be pH 9.3 [22] and pH 5.4 [23], respectively.
The metal precursor used in this study, palladium
Table 1. Palladium content (ICP-ES) and particle-size range
(TEM) for the catalysts studied.
Catalyst Synthesis Method
Pd content/
wt.%
Pd particle size/
nm
Pd/α-
Al2O3
Gas-phase cluster
deposition
0.3 3–8a
Impregnation 0.13 2–6
Deposition-precipitation 0.14 2.5–5.5
Ion exchange 0.04 1–2
Pd/TiO2 Gas-phase deposition 0.18 4–6
Impregnation 0.13 1–3
Deposition-precipitation 0.13 1.5–3.5
Ion exchange 0.53 1–6
aLarger particles are also observed from the coalescence of the primary
particles.
Figure 1. Representative bright-ﬁeld aberration-corrected STEM images of the catalysts prepared by gas-phase cluster deposi-
tion: (A)–(B) Pd/α-Al2O3; (C)–(D) Pd/TiO2. Examples of palladium particles are indicated by red arrows, alpha alumina particles
with yellow arrows, and titania particles with blue arrows.
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nitrate, is acidic, which makes the impregnating solu-
tion acidic. However, even at lower pH, some negatively
charged surface sites will exist [24]; clearly, the number
and distribution will be aﬀected by the nature of the
palladium precursor solution and the support material.
At ion-exchange sites, palladium will be transformed
during subsequent thermal treatments (in this work,
drying at 100°C and hydrogen reduction at 250°C). In
the ﬁnal catalyst, they will behave diﬀerently from the
main nanoparticulate palladium phase and invariably
lead to some loss of selectivity under reaction condi-
tions. If these sites were highly active, as might be
Table 2. Comparison of the catalytic performance at 80% 1-
pentyne conversion. T80 is the temperature at which 1-pen-
tyne conversion reached 80%.
Selectivity/%
Synthesis Method T80/°C 1-pentene 2-pentenes pentane
Pd/alpha alumina
Impregnation 68 93 3 4
Deposition-Precipitation 65 90 6 4
Ion Exchange 101 71 20 9
Gas-Phase Deposition 101 93 2 5
Pd/titania
Impregnation 116 49 29 22
Deposition-Precipitation 101 69 20 11
Ion Exchange 99 74 15 11
Gas-Phase Deposition 120 73 18 9
(a) 
(b) 
(c) 
(d) 
(e) (f) 
(g) (h) 
Figure 2. Catalyst testing in 1-pentyne hydrogenation. The 1-pentyne conversion is shown in blue, with selectivity to 1-pentene
(red), 2-pentenes (green, solid line), and pentane (green, solid line) also shown. The catalysts are (a) Pd/TiO2 GCD; (b) Pd/α-
Al2O3 GCD; (c) Pd/TiO2 impregnation; (d) Pd/α-Al2O3 impregnation; (e) Pd/TiO2 deposition-precipitation; (f) Pd/α-
Al2O3 deposition-precipitation; (g) Pd/TiO2 ion exchange; and (h) Pd/α-Al2O3 ion exchange.
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anticipated for a very well-dispersed phase, they could
inﬂuence selectivity disproportionately.
The presence of palladium on both supports shows
that ion exchange has occurred. The particle-size range of
the ion-exchange catalyst is similar to the other methods
of preparation investigated, although the size of the smal-
lest particles observed is somewhat lower (typically
1 nm). It is challenging to detect supported palladium
particles by TEM without aberration correction if the
diameter is less than 1 nm [25], so the presence of
particles smaller than 1 nm in our materials is possible.
The Pd/TiO2 catalyst prepared by ion exchange has the
broadest particle-size range of all of thematerials studied,
whereas the corresponding Pd/α-Al2O3 has a very tight
particle-size distribution. This shows that the nature of
the support inﬂuences the fate of the ion-exchanged
species during catalyst synthesis. ICP measurements
show that there is much more palladium present on the
titania support than on the alpha alumina after the ion-
exchange process. This is a consequence of the surface
chemistry of the two supports [22, 26]. The higher palla-
dium content of the Pd/TiO2 prepared by ion exchange
leads to larger nanoparticle formation, most likely by
sintering during the reduction process. Both the ICP
and TEM results are in agreement withmodeling studies,
which show that the metal–support interaction is very
important in determining how particles grow on the
support surface [27].
A second reactive site that is relevant is the interface
between the metal particle and the support (such as Al-
O-Pd or Ti-O-Pd) where the palladium is not reduced.
These sites occur where the palladium nanoparticle
meets the support and are often poorly deﬁned. Yet,
some interfacial interactions are known to be strong, for
example stabilizing small particles even at high tem-
peratures [28]. Interfacial sites are known to be critical
for good performance in some catalytic reactions,
including CO oxidation over palladium catalysts [29],
but they also have the potential to perform undesirable
side-reactions in the same way as the ion-exchange sites
described above. All the catalysts prepared by chemical
methods (impregnation, deposition-precipitation, and
ion exchange) might be expected to have M-O-Pd sites
(M = Al, Ti) at the interface between the palladium
nanoparticles and the support. Such interfacial sites
are known to be highly active in CO oxidation [29]. If
this is the case, catalysts prepared by chemical routes
might be expected to give better catalysts in CO oxida-
tion testing than the catalysts prepared by gas-phase
deposition. We tested this idea by measuring the activ-
ity of the set of catalysts in CO oxidation. Full details of
this are presented in the Supporting Information; the
performance is summarized in Table 3.
The results of CO oxidation testing show interesting
trends. The Pd/TiO2 materials follow the trend we
expected: the gas-phase deposition catalyst has the high-
est T50 value (is the least active) and the other catalysts,
which might be expected to contain the most interfacial
(and ion exchange) sites, have lower T50 values (more
active). However, the Pd/α-Al2O3 catalysts all had simi-
lar T50 values. This indicates that the number or nature
of interfacial sites is sensitive to the nature of the sup-
port. The interaction between the palladium and the
alpha alumina support is rather weak. However, when
the metal–support interaction is appreciable, as in the
case of palladium and the titania support, it does inﬂu-
ence the reactivity of the catalyst.
The diﬀerent chemical natures of the two supports
will also inﬂuence the catalysis. Alpha alumina is a
highly crystalline material with micron-sized particles,
a low surface area (10 m2 g−1), and little porosity. Its
surface contains little functionality, and as such it is
often diﬃcult to disperse metals, especially at higher
loadings [30]. The titania support studied, on the
contrary, consists of micron-sized agglomerates of
loosely held 20–40 nm nanoparticles. These have little
porosity, but the gaps between the nanoparticles can
act as pores in certain situations. In contrast to alpha
alumina, palladium can interact strongly with titania
through the well-known SMSI eﬀect [31].
The inﬂuence of the support can be seen in the cata-
lysis data in Table 2. Themost selective catalysts are based
on alpha alumina, and this reﬂects the inert nature of the
support; ion-exchanged sites are few (as shownby the low
palladium content of the ion-exchanged Pd/α-
Al2O3 catalyst) and the interfacial sites are less active:
reduction of palladium is not inhibited by a strong inter-
action with the support. The lower selectivity of the Pd/
TiO2 catalysts is, in turn, a consequence of their more
reactive nature, which stabilizes Pd2+ against reduction.
One factor that has been found to aﬀect palladium-
catalyzed selective alkyne hydrogenation is the forma-
tion of palladium hydride and carbide phases.
Palladium hydride phases are known to form readily
when reduced palladium catalyst nanoparticles are
exposed to hydrogen [32] and can hydrogenate alkenes
even in the absence of gaseous hydrogen [33]. The
presence of subsurface hydrogen has been found to
allow hydrogenation and dehydrogenation reactions
to occur more readily than systems where subsurface
hydrogen is not accessible [34]. The thermal stability of
palladium hydride is limited [35] even in the presence
of hydrogen, such as in our system, and also is less stable
in smaller nanoparticles [35] whereas more surface
Table 3. Results of CO oxidation testing. T50 is the tempera-
ture at which half the CO is converted.
Catalyst Synthesis Method T50/°C
Pd/α-Al2O3 Impregnation 180
Deposition 181
Ion Exchange 185
Gas-Phase Deposition 194
Pd/TiO2 Impregnation 206
Deposition 117
Ion Exchange 114
Gas-Phase Deposition 231
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hydrogen can be formed due to the larger available
surface area [36]. Hence, it seems that the presence of
bulk palladium hydride is not a major factor at tem-
peratures where good catalytic performance is observed
(T > 50°C for all catalysts). Tew et al. observed the
formation of a carbide-like phase of palladium on the
exposure of reduced catalysts to 1-pentyne [32]. This
was a more stable phase than palladium hydride, and
re-exposure to hydrogen did not change the palladium
carbide structure appreciably. The formation of palla-
dium carbide was found to be independent of palladium
particle size [37] and also to be suppressed at H2/1-
pentyne ratios above 10. Our H2/1-pentyne ratio is of
the order of 60, and so the presence of palladium
carbide phases is unlikely. The factors that aﬀect the
amount and nature of palladium carbide formation are
not completely understood; it is possible that the for-
mation of palladium carbide species is a characteristic of
a good selective hydrogenation catalyst.
To assess the durability of the catalysts made in 1-
pentyne hydrogenation, they were retested using a
modiﬁed hydrogenation protocol (see the Supporting
Information). Once the temperature had been
increased to its maximum value, 240°C, the ﬂow was
maintained at that temperature for a further three
hours. Thus, deactivation and changes in selectivity
could be observed. Figure 3 summarizes the perfor-
mance of the catalysts at the end of the three-hour
dwell period and shows the changes of selectivity over
that time. For both Pd/TiO2 and Pd/α-Al2O3 systems,
the most selective catalysts were those prepared by the
gas-phase cluster deposition method. They showed
good selectivity at the start of the dwell period,
which improved in the ﬁrst part of the experiment
and was then stable. The improvement was much
quicker for Pd/α-Al2O3 (< 20 min) than for
Pd/TiO2 (60 min). For the Pd/α-Al2O3 system, the
catalysts prepared by the conventional methods are
much less selective, and the selectivity did not change
during the experiment. In the Pd/TiO2 system, mean-
while, the impregnated catalyst is poorly selective, but
the materials prepared by deposition-precipitation and
impregnation show reasonable selectivity. The selectiv-
ity shown by all three catalysts improved over time,
although the catalyst prepared by gas-phase cluster
deposition was still the most selective. The stability of
the gas-phase cluster deposition catalysts during the
reaction at 240°C shows that the nanoparticles do not
change signiﬁcantly with time. If sintering was occur-
ring, changes in activity and selectivity would be
expected.
The selectivity of the Pd/α-Al2O3 catalysts varied
much less than that of the Pd/TiO2 catalysts. One
diﬀerence between alpha alumina and titania is the
reducibility. Palladium is known to be able to reduce
titania with hydrogen at temperatures lower than
those used here [38,39], which could lead to changes
in some of the active sites. It is possible that a slow
deactivation of the unselective sites is responsible for
the improved selectivity observed here.
The nature of the nanoparticles in the gas-phase
cluster deposition catalysts is strongly inﬂuenced by
the lack of contact between Pd(II) and the support,
unlike impregnation, deposition-precipitation, or ion-
Figure 3. Comparison of catalytic performance in the selective hydrogenation of 1-pentyne to 1-pentene during extended
operation at a ﬁxed temperature, 240°C. The chart shows Pd/α-Al2O3 (blue) and Pd/TiO2 (red) catalysts prepared by gas-phase
cluster deposition (diamonds), deposition precipitation (squares), impregnation (circles), or ion exchange (triangles). The table
summarizes the 1-pentyne conversion and 1-pentene selectivity after a dwell time of 180 min.
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exchange processes. Better performance than the ion-
exchanged materials in 1-pentyne hydrogenation and
the lack of activity in CO oxidation suggest an absence
of Pd-O-Al and Pd-O-Ti sites in Pd/Al2O3 and Pd/
TiO2, respectively. These sites, therefore, appear to be
responsible for the formation of 2-pentene isomers.
The structure of the gas-phase cluster deposition
catalysts therefore seems likely to contain metallic
nanoparticles anchored strongly enough to the sup-
port to prevent sintering (since performance is main-
tained in 1-pentyne hydrogenation with an extended
reaction time). The anchoring force seems likely to
feature a role for surface defect sites, as has been
reported for Pd [40], Pt [41], and Au [42] catalysts
previously. Work is ongoing to understand this inter-
action more completely.
Conclusions
The synthesis of catalysts by methods such as gas-phase
cluster deposition allows control of the properties of
metal nanoparticles, with little or no dependence on
the support properties. In this paper, we have demon-
strated that palladium catalysts prepared by a gas-phase
cluster deposition method can be as active and selective
in the selective hydrogenation of alkynes as materials
prepared by conventional methods. This is observed
for both support materials studied here (TiO2 and α-
Al2O3). The particle sizes of all the materials studied
here are similar, so this is not a particle-size eﬀect.
Catalysts prepared by the gas-phase cluster deposition
method contain less-active interfacial sites, as shown by
their lower activity in CO oxidation.
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